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The w r i t e r  has  r e c e n t l y  pointed outA- t h a t  a v i b r a t i n g  

neutron s t a r ,  which is  expected t o  be formed as a remnant 

of t h e  explosion of a Type I supernova, may s t o r e  up t o  

los1 or 10 e r g s  as mechanical energy of v i b r a t i o n .  This 52 

energy may be d i s s i p a t e d  by var ious  nonthermal mechanisms. 

I f  a magnetic f i e l d  i s  embedded i n  t h e  neutron s t a r ,  then 

t h e  v i b r a t i o n s  w i l l  produce hydromagnetic waves which 

t r a v e l  along t h e  f i e l d  l i n e s ,  and t h e s e  w i l l  be capable  

of  a c c e l e r a t i n g  charged p a r t i c l e s  t o  high ene rg ie s  by 

2 3 t r a n s i t  and s t o c h a s t i c  a c c e l e r a t i o n  processes .  There 

i s  a p o s s i b i l i t y  t h a t  t h e  synchrotron r a d i a t i o n  of x-rays 

f r o m  t h e  C r a b  Nebula r e s u l t s  from a c c e l e r a t i o n  processes  

of t h i s  type ,  where t h e  acce le ra t ed  e l e c t r o n s  have been 

able t o  d i f f u s e  i n t o  t h e  ou te r  expanding envelope. Such 

a d i f f u s i o n  i s  rendered e a s i e r  i f  t h e r e  should be a corona 

produced ,around t h e  neutron s t a r ,  which expands t o  form 

a stellar wind, t hus  drawing r a d i a l l y  outward t h e  magnetic 

l i n e s  of force .  Such coronal  hea t ing  may arise from 

1 shocks produced by t h e  v i b r a t i o n s  i n  t h e  atmosphere or  

by electromagnet ic  i n t e r a c t i o n  between t h e  magnetic f i e l d  
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and t h e  surrounding 
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plasma (0. Manley, p r i v a t e  communication). 

I f  e l e c t r o n s  can be acce le ra t ed  t o  high ene rg ie s  i n  

t h i s  way, then  it should also be poss ib l e  t o  accelerate 

i o n s  i n  t h e  v i b r a t i n g  magnetic f i e l d ,  This leads n a t u r a l l y  

t o  t h e  hypothesis  t h a t  v i b r a t i n g  neutron stars may be some 

of t h e  p r i n c i p a l  i n j e c t o r s  of high energy cosmic r ays  i n t o  

t h e  galaxy. Some aspec t s  of t h i s  hypothesis  are d iscussed  

i n  t h i s  note.  

The i o n s  which would be acce le ra t ed  t o  cosmic r ay  

ene rg ie s  by v i b r a t i n g  neutron stars should c e r t a i n l y  inc lude  

those  iohs composing t h e  corona. The corona should have t h e  

same composition as t h e  photosphere of the neutron s tar ,  and 

i f  t h e  corona i s  h o t  enough t o  expand i n  the  form of a stellar 

wind, then  t h e  composition of t h e  photosphere may change wi th  

t i m e .  Hence one test  of t h i s  cosmic r ay  a c c e l e r a t i o n  process  

is  t h a t  t h e  composition of t h e  heavy cosmic r a y  pr imar ies  

should be c o n s i s t e n t  with t h e  changing abundances i n  t h e  

neutron star photosphere. 

The abundances of cosmic r a y  pr imar ies  w i t h  2 > 2 are 

shown i n  Figure 1, The abundances are based on measurements 

by Waddington 4'5 and by t h e  Naval Research Laboratory 

group . Also shown i n  Figure 1 are t h e  r e l a t i v e  abundances 

of t h e  elements w i th  2 > 2 i n  t h e  sun and s o l a r  system, 
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7 These abundances are based p a r t l y  upon s o l a r  spectroscopy 

p a r t l y  upon meteor i te  ana lys i s  and p a r t l y  upon rocke t  

measurements of s o l a r  cosmic rays  . Both d i s t r i b u t i o n s  

7 

8 

are normalized t o  oxygen, and t h e  abundances have been 

p l o t t e d  as a func t ion  of mass number by spreading t h e  

abundances f o r  each charge number over t h e  p r i n c i p a l  

i so topes  of t h a t  e lement ,  Since the cosmic ray  abundances 

have been s t r o n g l y  a f f e c t e d  by s p a l l a t i o n  processes ,  t h i s  

t rea tment  produces a reasonably smooth abundance p l o t .  

The solar  system abundances have been t r e a t e d  i n  the  same 

way i n  order  t o  f a c i l i t a t e  comparison, 

The d i f f e r e n c e s  between t h e s e  two curves are s t r i k i n g .  

I t  appears t h a t  t h e  cosmic r ay  abundance data cannot  be 

obtained by a c c e l e r a t i n g  p a r t i c l e s  wi th  t h e  r e l a t i v e  

abundances corresponding t o  s o l a r  composition, wi th  modi- 

f i c a t i o n  by s p a l l a t i o n ,  s i n c e  t h e r e  i s  a r e l a t i v e  de f i c i ency  

of cosmic ray  n u c l e i  i n  the  v i c i n i t y  of s i l i c o n  and s u l f u r .  

On t h e  o the r  hand, it appears possible t o  account f o r  t h e  

cosmic ray  d i s t r i b u t i o n  i f  t h e  products  of t h r e e  processes  

of nucleosynthesis  form t h e  m a t e r i a l  which i s  acce lera ted .  

These processes  are: 
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1. Helium-Burning. Helium-burning thermonuclear 

r e a c t i o n s  produce as products C12 and 0l6. 

abundances t o  be expected f o r  t h e s e  two products  are 

The r e l a t i v e  

unknown s i n c e  t h e s e  depend upon the reduced a lpha -pa r t i c l e  

width of t h e  7.12 Mev l e v e l  of 0l6, which has  n o t  y e t  

been measured. 

2 .  Carbon-Burning. The products  of t h e  nuclear  

20 23 r e a c t i o n s  of C12 with i t s e l f  are p r imar i ly  N e  , N a  , and 

24 
Mg . The r e l a t i v e  abundances of t h e s e  products  as found 

by the writer for: a r e l a t i v e l y  slow process of carbon- 

burning are shown near  t h e  bottom of F igure  1. A s i g n i f i c a n t  

abundance t a i l  a t  h igher  mass numbers would be added i f  

9 

the  carbon-burning took p lace  a t  somewhat h igher  tempera- 

t u r e s ,  such as those i n  t h e  supernova shock wave which 

t r ave r sed  t h e  outer  l aye r s  of t h e  supernova and e j e c t e d  

them i n t o  space. 

3 .  The I r o n  Equilibrium Peak. When matter i s  heated 

9 0  
t o  the v i c i n i t y  of 3 x 1 0  K o r  h ighe r ,  t h e  n u c l e i  w i l l  

r ea r r ange  themselves i n t o  t h e  v i c i n i t y  of t h e  i r o n  peak, 

where t h e  binding energy pe r  nucleon is  a maximum. There 

i s  a d i s t i n c t  i r o n  peak i n  t h e  s o l a r  abundance d a t a  which 

shows t h e  r e s u l t s  of t h i s  process .  
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The heavy cosmic r a y  pr imaries  appear t o  be composed 

p r i n c i p a l l y  of products  of t h e s e  three processes  of 

nuc leosynthes is ,  wi th  subsequent modif icat ion by s p a l l a t i o n .  

I t  appears t h a t  the n u c l e i  have t r ave r sed  about  3 o r  4 

g d c m  of material, presumably mostly hydrogen, b u t  it i s  

n o t  clear how much of t h i s  m a t t e r  w a s  i n  t h e  source and 

how much i n  t h e  i n t e r s t e l l a r  medium. 

2 

The evolu t ion  i n  the immediate presupernova s t a g e  of 

10,11 a s t a r  of no t  very g r e a t  mass has  been s t u d i e d  by Chiu 

Following t h e  process  of  helium-burning i n  t h e  core ,  such 

stars become h igh ly  degenerate  a t  t h e i r  c e n t e r s ,  and the  

emission of neu t r ino  p a i r s  prevents  t h e  temperature from 

r i s i n g  r a p i d l y  u n t i l  t h e  m a s s  of t h e  co re  i s  near the 

Chandrasekhar l i m i t ,  so tha t  c o n t r a c t i o n  becomes very 

rapid. Then carbon or oxygen burning w i l l  commence, b u t  

t h i s  w i l l  lead t o  an even s t ronge r  d e n s i t y  concent ra t ion  

toward t h e  c e n t e r .  The supernova c o l l a p s e  i s  t r i g g e r e d  

when t h e  h igh  Fermi l e v e l  of t h e  e l e c t r o n s  a t  t h e  cen te r  

starts convert ing n u c l e i  i n t o  neutrons.  

12 Colgate and White have shown t h a t ,  dur ing t h e  

c o l l a p s e ,  a degenerate  neutron core w i l l  be formed a t  t h e  

c e n t e r  of t h e  conf igura t ion .  The material continuing t o  
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r a i n  down on t h i s  core  w i l l  produce very high temperatures 

and cause t h e  formation of a shock wave. The  shock wave 

w i l l  then  t r a v e r s e  t h e  ou te r  l a y e r s ,  hea t ing  and e j e c t i n g  

them. Not a l l  t h e  material w i l l  be e j e c t e d  t o  i n f i n i t y ;  

some of it w i l l  f a l l  back, and it is  t h i s  material which 

w e  suspec t  w i l l  s e t  up radial  o s c i l l a t i o n s  i n  t h e  neutron 

s ta r  remnant. 

I n  t h e  i n t e r i o r  of t h e  neutron s t a r  ord inary  nuc le i  

w i l l  no t  exist. N e a r  t h e  s u r f a c e ,  temperatures of 

5 3 x lo9 OK o r  higher  w i l l  persist for  times of 10 

or longer.  Under t h e s e  cond i t ions  t h e  ma te r i a l  w i l l  be 

processed i n t o  t h e  v i c i n i t y  of t h e  i r o n  peak13. Nearer 

t h e  surface t h e  temperature w i l l  be i n s u f f i c i e n t  f o r  t h i s  

t o  occur. 

and helium on t h e  s u r f a c e  w i l l  be destroyed by inward 

seconds 

Chiu and Salpeter'' have shown t h a t  hydrogen 

d i f f u s i o n ,  and t h a t  carbon w i l l  be destroyed t o  a cons iderable  

e x t e n t ,  b u t  s t i l l  heav ie r  i ons  t o  a n e g l i g i b l e  e x t e n t .  

Hence w e  see t h a t  even i f  t h e  l aye r  i n i t i a l l y  composing 

t h e  neutron star su r face  con ta ins  only l i g h t  elements, t h e  

f i n a l  l aye r  i s  l i k e l y  t o  conta in  carbon, oxygen, carbon- 

burning products ,  and t h e  i r o n  peak. The high dens i ty  a t  

which helium-burning would occur i n  t h e  s u r f a c e  w i l l  
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favor  t h e  formation of carbon r e l a t i v e  t o  oxygen, a s  is 

observed i n  the cosmic rays.  Because t h e  temperature 

w i l l  f a l l  r a p i d l y  i n  t h e  envelope beyond t h e  thermal 

conduction c e n t r a l  p la teau ,  t h e  in te rmedia te  s t a g e  

c o n s i s t i n g  of s i l i c o n  and sulphur  w i l l  have only s m a l l  

abundances, and t h i s  region w i l l  n o t  be b u i l t  up by nuc lear  

r e a c t i o n s  accompanying d i f f u s i o n .  

Thus w e  see t h a t  i f  the ou te r  l a y e r s  of t h e  neutron 

s ta r  are pealed o f f  by a s t e l l a r  wiad, t h e  corona i s  l i k e l y  

t o  be i n i t i a l l y  composed of carbon and oxygen, later of 

t h e  products  of carbon-burning, and eventua l ly  of i r o n  peak 

nuc le i .  Hence the neutron s ta r  cosmic ray a c c e l e r a t i o n  

hypothes is  seems no t  i n c o n s i s t e n t  w i t h  our knowledge of 

t h e  s t r u c t u r e  of a neutron s ta r  and of t h e  processes  of 

nuc leosynthes is .  

The bulk of t h e  cosmic r a y s  c o n s i s t  n o t  of n u c l e i  

w i t h  2 > 2 ,  b u t  of protons and a lpha -pa r t i c l e s .  I t  is 

e v i d e n t  t h a t  under t h e  condi t ions  descr ibed  above t h e s e  

could n o t  be acce le ra t ed  i n  t h e  immediate v i c i n i t y  of a 

neutron s ta r .  However, i n  t h e  p re sen t  p i c t u r e  i n  which 

t h e  neutron s t a r  has  a stellar wind which draws the magnetic 

f i e ld  o u t  i n  t h e  r a d i a l  d i r e c t i o n ,  hydromagnetic waves 
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may be able t o  progress  from t h e  v i c i n i t y  of t h e  neutron 

star o u t  i n t o  t h e  expanding e j e c t e d  envelope. Such a 

model would seem appropr ia te  for t h e  Crab Nebu la ,  and the 

hydromagnetic waves would then  have an opportuni ty  t o  

accelerate pro tons  and a lpha -pa r t i c l e s  i n  t h e  envelope. 

But pro tons  and a lpha -pa r t i c l e s  would also be t h e  p r i n c i p a l  

products  acce le ra t ed  i n  the  supernova hydrodynamic hypothes is  

of Colgate and Johnson15. 

For many y e a r s  supernova remnants have seemed l i k e l y  

sources  f o r  t h e  a c c e l e r a t i o n  of cosmic rays .  Arguments 

toward t h i s  end have been  based upon t h e  obvious a v a i l a b i l i t y  

of large amounts of energy and of t h e  presence of ene rge t i c  

particles as revealed by synchrotron emission. However, 

s p e c i f i c  models f o r  t h e  a c c e l e r a t i o n  process  have been 

lacking.  I t  i s  hoped t h a t  t h e  p r e s e n t  model w i I I - Z e E e - a - Z -  

a basis f o r  f u r t h e r  q u a n t i t a t i v e  i n v e s t i g a t i o n s .  

A.G.W. Cameron 
I n s t i t u t e  f o r  Space S tud ie s  
Goddard Space F l i g h t  Center ,  NASA 
New Y o r k ,  New York 
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Figure  1. Abundances i n  cosmic r ays  and i n  t h e  s o l a r  
system of elernents wi th  Z > 2. The heavier  cosmic 
r a y  d a t a  is  spa r se ,  and some charges are missing. 
These gaps are bridged by dashed segments connecting 
t h e  s e c t i o n s  of t h e  s o l i d  l i n e .  Shown n e a r  t h e  bottom 
i s  t h e  p a t t e r n  of abundances formed i n  t h e  carbon- 
burning process.  
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